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Abstract 

We present a superstring-inspired version of D-term inflation which does not lead to cosmic string 
formation and appears to satisfy the current CMB constraints. It differs from minimal D-term 
inflation by a second pair of charged superfields which makes the strings non-topological (semilocal). 
The strings are also BPS, so the scenario is expected to survive supergravity corrections. The second 
pair of charged superfields arises naturally in several brane and conifold scenarios, but its effect on 
cosmic string formation had not been noticed so far. 
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The WMAP P| data have put in sharp focus the question of identifying the microscopic 
origin of the inflaton, the field or fields that fuel inflation. D-term inflation in supersymmet- 
ric (SUSY) gauge theories is a promising hybrid inflation scenario which seems to survive 

nn fi 

supergravity corrections j^y| (see |^ for a recent discussion). Unfortunately it suffers from 
a severe drawback: at the end of inflation cosmic strings form giving a contribution to the 
primordial density perturbations comparable to that of inflation, in contradiction with the 
CMB data Q. 

While this problem may be circumvented in various ways (for instance, by invoking a 
curvaton B), much of the beautiful simplicity and predictive power of the original minimal 
D-term inflation model is lost in these modifications. It would be desirable to have a model 
which has all the good features of the model of but without the production of cosmic 
strings. The purpose of this letter is to present such a model. 

The idea is extremely simple. The minimal D-term model is a supersymmetric Abelian 
gauge model where the inflaton is a neutral scalar field that couples to two charged scalar 
fields with opposite U{1) charges. The model has a Fayet-Iliopoulos (FI) D-term. At the 
end of inflation, the charged fields acquire non-zero v.e.v.s, the gauge field is Higgsed and 
Nielsen-Olesen (NO) strings form. To avoid string formation, we include a second identical 
pair of charged fields with the same couplings to the inflaton and to the gauge field. At the 
end of inflation the charged scalars acquire v.e.v.s and cause a Higgs mechanism, as before, 
but now the vacuum manifold is simply connected and the strings are non-topological. They 
are semilocal (SL) strings whose cosmological formation rates have been studied in 

B and whose number density falls to zero when the couplings are in the Bogomol'nyi limit 
- the region of interest here. 

The addition of the second pair of charged fields is motivated by a possible interpretation 
as four-dimensional effective actions of type II superstrings compactified on Calabi-Yau (CY) 
manifolds. These are expected to have N=2 SUSY in four dimensions. Each pair of charged 
A^ = l superfields forms an A^ = 2 hypermultiplet, and the two N = 2 hypermultiplets have 
opposite f/(l) charges. The neutral A^ = l superfield (the inflaton) and the U{1) gauge 
multiplet combine into an A^=2 vector multiplet. 

D-term inflation has been studied in heterotic string compactifications where the FI terms 
arise from an anomalous U{1) [10]. Instead, the model presented here seems to be related 
to type II string compactifications on CY spaces near singular points (see also jlll). The 
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hypermultiplets are typically associated with string or brane states wrapping around cycles 
in the internal space whose size goes to zero at the singularity, making the states massless. 
The FI terms appear when the singularity is resolved by replacing the singular point with 
a small "sphere" (whose size determines the FI parameter). FI terms may also arise in 



brane-antibrane backgrounds and therefore in brane inflation 13 1. Thus, the analysis 



of these models gives a potential window into string theory 



11 
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Speciflc examr 
in CY spaces |l5|. 



es have been studied, e.g., in connection with topology chan ge t ransitions 



16|, phases of SUSY Abelian theories 17[ and conflnement jl8| in string 



theory, where the presence of the second, oppositely charged hypermultiplet was forced by 
the homology of the vanishing cycles or chains js^. 

If we ignore gravity, the model presented here has N=2 SUSY. Coupling to gravity breaks 
ocal) A^=l due to the FI terms (see 



N=2 to 
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19|,|20| and references therein). A recent 



study |l2] shows that the NO strings produced after inflation in the one-hypermultiplet 
model^are BPS *ing= (that they break halt ot the iV=l l.cal SUSY, Uke in the global 
case |2]j]). For SUSY to be (partially) unbroken, the transformation of the gravitino (and all 
other fermions) must be zero. The holonomy of the local SUSY parameter going around the 
string receives two contributions, one from the deflcit angle in the metric transverse to the 
string, the other from an Aharonov-Bohm interaction with the U{1) magnetic fleld of the 
string. Cancellation of these two contributions allows for the existence of killing spinors and 
unbroken SUSY [2^, provided the gravitino is charged under the f/(l), which is therefore 
an R-symmetry. We will show that in our model the (embedded) NO strings are also BPS 
but are not expected to form after inflation. 



I. THE MODEL 

Minimal D-term inflation (see for instance) requires two chiral superfields 0+, 0_, 
with opposite U{1) charges ±(7, a neutral chiral superfleld S and a U{1) gauge multiplet. 

23|. In the absence of gravity. 



We add another pair of charged chiral superflelds 0+, (, 
the model has A^=2 SUSY, so each pair of chiral superflelds assemble into a non-chiral A^=2 
hypermultiplet; and the neutral superfleld and the gauge multiplet into an A^ = 2 vector 
multiplet. Each hypermultiplet transforms under the SU{2)^ symmetry between the two 
supercharges. It is always possible to add an A^=2 FI k ■ P term (a P-term) where P are 
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the SU{2)r triplet of auxiliary fields belonging to the U{1) Abelian vector multiplet. The 
choice k oc (0, 0, 1) leads to A^=l D-terms, while k oc (1, 0, 0) leads to F-terms. Here we take 
fc = (0,0,(7cuV2). 

In global supersymmetry this choice can be made without loss of generality, and shows 
that D-term and F-term models are equivalent, by SU{2)ji rotations, and part of a larger 
class of so-called P-term models Q. Coupling to A^=l supergravity breaks this equivalence 
0, . Loosely speaking, if the direction of supergravity is "aligned" with the FI terms, one 
obtains a D-term model. If it is misaligned, F-term or P-term inflation results. The higher 
dimensional origin of the FI terms leads us to suppose that the breakin g of supergravity 
is triggered by the FI terms themselves and therefore aligned with them 20|, so the four- 
dimensional model is a D-term model. 

The full matter Lagrangian and supersymmetry transformations can be found in [23 
After eliminating auxiliary fields, the bosonic part reads: 



24| 



C 



':F^'F^, - V 



(1) 



with the tree-level scalar potential V given by 

.2 .1 



2 l4 



+ 
2 



(2) 



where is the U{1) gauge field, = dfj, + i g± Afj_, g± = ±g is the charge of the 0±, 0± 
fields. From the A^=2 point of view, these belong to two hypermultiplets of opposite charge, 
hi = and h2 = {(p-,(f>\)- Note the extra accidental SU{2) symmetry between 

0+), and also between </)_) due to the charge assignments. It will be important in what 
follows. This SU{2) is not broken when adding FI term, whereas SU(2)fi is. 

The potential Q has two different types of minima: 

Supersymmetric minima: with V = 0, that is. 



^ = 

I J, |2 







+ 



(3) 



Due to the FI term, gauge symmetry is broken and the hypersymmetric Higgs mechanism 
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takes place; all fields acquiring mass have = ixP'g^ since we are automatically in the 
Bogomol'nyi limit. 

In the analogous model with only one hypermultiplet (only <^±)^ the vacuum manifold 
after inflation is simply connected and cosmic strings form via the Kibble mechanism. In 
our model, the vacuum manifold is not simply connected but the condition of finite energy 
per unit length still correlates the phases of all scalars far from the string core, and causes 
the quantization of magnetic flux. Moreover, the Bogomol'nyi equations force 0_ = = 0, 



so there is a vacuum selection effect 



23|,|2il25|. 



There are BPS string solutions involving the remaining 0+, 0+ fields which are SL strings 
0] (recall the SU{2) symmetry between them). The stability properties and cosmological 
formation rates of SL strings are very different from those of NO strings (see below). 

Non-supersymmetric minima: given by 

0± = 0± = S'>'^ = S! (4) 

These are local minima with potential V = and 5* is a flat direction. Clearly, as 

the (false) vacuum energy is non-zero, all SUSYs are broken. SUSY breaking causes mass 
splitting within each hypermultiplet: 

ml = S'g' T ^oo' = g'S' (5) 

where m± is the mass of field (p±,(p±, whereas is the mass of their superpartner fermions. 



II. INFLATION 

Standard D-term inflation assumes a chaotic inflationary scenario where S will have 
initial random values; and the regions where S > Sc will inflate. During inflation, the system 
is in the false vacuum, supersymmetry is broken and the potential gets corrections from the 
different masses of the bosons and fermions (jH)). 



These corrections are known for one hypermultiplet 



m 



27|. Moreover, the cosmo- 



logical predictions of P-term inflationary models were investigated in ll9| and constrained 
by the WMAP data Q in 28 1, showing that the predictions can be within the observed 
values, but problems arise with the cosmic strings formed afterwards. 
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The correction is easily generalised to C liypermultiplets (C = 2 here) of equal js^, 
and in the limit 5 ^ it can be approximated by 



Kff = —UJ { 1 -' 



7r2 



, S^g^ 3 



(6) 



This potential is a hybrid inflation type potential j29|]. We shall follow the standard 
procedures to get information about the cosmological predictions arising from this potential: 
The value of the inflaton when the cosmologically interesting scales leave the horizon Sn 
can be obtained from the number N of e-foldings: 

1 r^N V 

N=-^ dSy- (7) 
Mpi V' ^ ' 

Send represents the end of inflation. This will be well before gauge symmetry breaking takes 
place 39|, because slow-roll fails at 5 > Sc- In any case, the precise value of Send is not 
important in evaluating N , since the major contribution will come from S'at. In order to 
keep the theory under control, we need Sn < M^y. 



Sn ~ \l ^^^Pi < ^^Pi ^9<0-l (8) 



where we have used = 55 [2^, C = 2 and r ~ 0.1. From the COBE normalisation, we 
can obtain that the energy scale Sc at which the gauge symmetry breaking will take place 
is similar to GUT scale 



The slow-roll parameters {e, rj), the spectral index {n) and the relative amplitude of tensor 
to scalar perturbations (R) are within the phenomenological values 

a^C -1 
^ < 2 X 10-^ r?=— TT 0.008 



167r2A^ - ' ' 2iV 

n = 1-^-0.98, = 16e < 3 X 10"^ (10) 

These numbers are not very different from those in , as expected, since some 

parameters are independent of C, and in others the difference between C = 1 and C = 2 
is very mild. Thus, the good agreements with the cosmological parameters obtained for the 
one-hypermultiplet case also apply here. We now turn to the differences, which arise after 
gauge symmetry breaking. 



III. EXTENDED OBJECTS AFTER INFLATION 



Once inflation is over, and the field S approaches the value Sc, the fields 0±, 0± will roll 
down to the supers ymm etric vacua 0. In the one-hypermultiplet case, both NO cosmic 
strings and vortons 321 will form via the Kibble mechanism. These defects create perturba- 

n 

tions to the metric of the same order of magnitude as inflation I33|. This is a problem since 
observational CMB data constrain the contribution of cosmic strings to less then a few 
percent of the total. 

By contrast, with two hypermultiplets the defects are SL strings, whose stability depends 
on the ratio of the scalar (mg) and vector (m^,) masses. The parameter (3 = ml/ ml (anal- 
ogous to the K parameter that distinguishes type 1 from type II superconductors) separates 
stable strings {(3 < 1) from unstable strings {(3 > 1). 

The cosmological formation and evolution of a network of such strings was analysed in 
with the conclusion that no strings will form if (3 > 1. Here we are in the Bogomol'nyi 
limit, /3 = 1, so neither vortons nor strings are expected after inflation (other than perhaps 
a few transient ones that will quickly disappear). In fact, the solution to the Bogomol'nyi 
equations is a one-parameter family of magnetic vortices, degenerate in energy but with 
different core structure, with string "widths" ranging from the NO string to wider and 
wider vortices looking more and more like CP^ lumps [8]. They are all BPS states, partially 



breaking SUSY in their core 



2J], and therefore stable. Nevertheless, there is a zero mode 



linking these states which, once excited, will invariably drive the vortices to flux tubes of 

n 

greater and greater radius |34| . 

The .^o^odeplay^ a ve.y tapo.a.t .ole in preventing the co..o,ogtca, fonnation of 



the strings 



2J, |3^, so we should immediately worry about whether supergravity effects 



would lift this degeneracy. In the bosonic case, the zero mode survives coupling to gravity 
js^, and the same is true here: the fattened BPS states all carry the same U{1) flux and 
deficit angle as the NO string, so the holonomy cancellation ^ that is needed for unbroken 
supersymmetry still holds. Thus, coupling to supergravity will preserve all of these BPS 
states, and their degeneracy, for the same reason that it preserves their topological cousins 
in the minimal model 



12l . |20|. As a result, the flat space analysis of 0, goes through 
and we do not expect strings to form at the end of inflation. 

Scalar gradients in this model will also contribute to the CMB anisotropy. There are 
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two main sources. One is the fields, which have been observed to give a very small 

contribution to the energy density in the one hypermultiplet case The other is the 

contribution of the fattened vortices in the 0+, 0+ fields, which are more akin to (stabilized) 
textures. The CMB constraints on textures are much weaker than those on strings 37] but 
a more detailed study is needed, in particular since textures can contribute extra power on 
large angular scales. 

These conclusions depend on supersymmetry not being completely broken until much 
later, otherwise the results depend on how the breaking proceeds. If SUSY is broken due 
to soft mass terms, there will be several scenarios depending on the masses the strings 
may remain SL, they can turn into NO vortices, or strings will disappear. Also, a vorton 
problem may arise, depending on the nature of the breaking and the detailed dynamics of 
the zero mode, if the latter survives 0, Ql- 

For completeness, we give an estimate of the CMB signal deep in the stability region (3 < 1 
assuming that the SU (2) symmetry is not broken. In this case SL strings can form with a 
density comparable to NO strings, and scaling behaviour is expected, but the reduced mass 
per unit length also weakens the CMB signal [40]. The net result should be a contribution 
to the CMB anisotropy which is a few percent (2-5%) of that of NO strings, and fairly 
insensitive to jS. 

Finally, the connection with superstrings leaves open a number of interesting questions. 
First, the FI parameters are expected to be spacetime dependent, and such cosmological 
models have not been investigated to our knowledge. Second, if several vector multiplets 
are present (as it is the case in most brane and conifold models) inflation could be driven 
by multiple scalar fields, and the situation could be more complicated ^. 
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